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Abstract
Fgf8 is expressed in the isthmic region of the developing brain, serving an organizing function in vertebrate embryos. We previously identified
S4.2 downstream to the zebrafish fgf8 gene as a regulatory region that drives transcription in the anterior hindbrain. Here, we investigated the
mechanism of fgf8 regulation by the S4.2 region during development. Reporter analyses in embryos revealed that S4.2 closely recapitulates fgf8
expression in the anteriormost hindbrain during somitogenesis. This region contains a sequence highly conserved in fgf8 of diverse vertebrates.
Further analyses of S4.2 revealed a 342-bp core region composed of three subregions (#2, #3, and #4). Regions #3 and #4 drove expression broadly
in the brain from the midbrain to r5 of the hindbrain, whereas a 28-bp sequence in #2 repressed ectopic expression in the midbrain and in r2 to r5.
The enhancer function of S4.2 was absent in pax2amutant embryos, while it was activated ectopically by pax2amisexpression in the hindbrain. We
identified two sites in the core region that are bound by Pax2a in vitro and in vivo, the disruption of which abrogated the S4.2 activity. Thus, fgf8
expression in the anteriormost hindbrain involves activation and repression, with Pax2a as a pivotal regulator.
© 2008 Elsevier Inc. All rights reserved.Keywords: Brain formation; Conserved sequence; Enhancer; fgf8; Isthmus; Midbrain–hindbrain boundary; Pax2; Transcription; Transgenic fish; ZebrafishIntroduction
During development, the vertebrate brain assumes a highly
organized three-dimensional structure that provides the basis for
its complicated functions throughout life. Among the most
important events during brain development is the regional
specification of the brain primordium along the anteroposterior
and dorsoventral axes (Lumsden and Krumlauf, 1996). The
isthmus is a constriction of the embryonic brain that is formed at
the boundary between the prospective midbrain and hindbrain
(midbrain–hindbrain boundary, MHB). This region operates as
a local signaling center for the induction and patterning of the
midbrain and cerebellum (Nakamura, 2001; Rhinn and Brand,
2001). The organizer activity of the isthmus was initially de-
monstrated by transplantation experiments in chick embryos;
when transplanted to the prospective diencephalon and poster-
ior hindbrain, the isthmus region induced ectopic tectum and⁎ Corresponding author. Fax: +81 48 858 3417.
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doi:10.1016/j.ydbio.2008.01.013cerebellum development, respectively (Martinez et al., 1991,
1995).
Fgf8 is a potent signaling molecule that is secreted from the
MHB and is thought to be responsible for the organizing
activity of the isthmus. Indeed, fgf8 expression occurs during
somitogenesis in the anteriormost hindbrain with a sharp ante-
rior expression boundary at the MHB in the embryos of all
vertebrates that have been examined (Crossley and Martin,
1995; Crossley et al., 1996; Hidalgo-Sanchez et al., 2005;
Reifers et al., 1998). In addition, Fgf8-soaked beads trans-
planted into the posterior forebrain induce ectopic midbrain/
MHB development (Crossley et al., 1996; Liu et al., 1999),
whereas ectopic fgf8 expression promotes metencephalon form-
ation in the anterior embryonic brain, affecting the polarity of
the midbrain and facilitating the proliferation of neural pre-
cursors (Lee et al., 1997; Liu et al., 1999). In line with these
results, the disruption of fgf8 severely affects the formation of
the MHB/isthmic region both in mice and zebrafish (Meyers
et al., 1998; Reifers et al., 1998).
In zebrafish embryos, the MHB is established during gastru-
lation through a suppressive interaction between otx2 and gbx
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posterior neural regions, respectively (Kikuta et al., 2003;
Rhinn et al., 2003), as in other vertebrates (Rhinn and Brand,
2001; Wassef and Joyner, 1997). The fgf8 expression in
zebrafish is initiated broadly in the anterior hindbrain in late
gastrulae, earlier than that in amniote embryos. After the end
of epiboly, the expression of fgf8 in the hindbrain splits into
three stripes in rhombomeres 1, 2, and 4 (r1, r2, and r4,
respectively) of the hindbrain. Of these stripes, the posterior
two (r2 and r4) are transient and rapidly downregulated,
whereas the expression in r1, although becoming gradually
sharper and restricted to the anteriormost ring-like region,
persists throughout somitogenesis and at later stages. Impor-
tantly, the initiation of fgf8 expression in zebrafish gastrulae is
independent of wnt1 and pax2a, both of which also begin to
be expressed near the MHB at similar stages, whereas the later
expression of these MHB-forming genes becomes mutually
dependent, suggesting the existence of a positive regulatory
loop (Rhinn and Brand, 2001). These observations led to the
idea that there are two phases in MHB development in terms
of its regulation; establishment and maintenance. Indeed, dif-
ferent regulatory genes have been implicated in each phase;
early genes such as pou2 and bts1 are induced by the mid-
gastrula stage and function in the specification of the MHB
(Belting et al., 2001; Burgess et al., 2002; Tallafuβ et al.,
2001), whereas genes such as eng1/2/3, gbx2, iro1/7, pax5/8,
and lmx1b are expressed after the late gastrula stage in the
vicinity of the MHB, where they contribute to the maintenance
of MHB/isthmic development, as well as neural differentiation
(Itoh et al., 2002; Kikuta et al., 2003; O’Hara et al., 2005;
Rhinn and Brand, 2001).
It is likely that these genes regulate fgf8 expression, and
understanding this mechanism will help to clarify the elaborate
regulatory network that controls isthmic development. It has
been reported in a number of vertebrates that fgf8 expression at
the MHB depends on several regulatory genes involved in
MHB development (Garda et al., 2001; Hidalgo-Sanchez et al.,
2005; Rhinn and Brand, 2001), although the mechanism of fgf8
regulation in embryos is unclear at the transcriptional level.
Promoter analyses conducted using embryonal carcinoma cells
identified cis-regulatory elements that drive fgf8 expression in
culture systems, although the spatial and temporal regulation of
fgf8 in embryos was not addressed (Brondani et al., 2002;
Gemel et al., 1999). Recently, using transgenic (Tg) approaches,
we and another group independently identified several regu-
latory regions that recapitulate different aspects of fgf8 ex-
pression in zebrafish and mouse embryos, respectively (Beer-
mann et al., 2006; Inoue et al., 2006). Among the regulatory
regions that we identified for zebrafish fgf8, a 1.3-kb region,
located downstream of fgf8 (i.e., the S4.2 region), directed
transcription after the mid-somite stage in the anteriormost
hindbrain.
In this study, we functionally dissected the S4.2 region by the
reporter analysis, revealing that the core of this enhancer com-
prises both activating and repressive elements. We also show
that pax2a is necessary and sufficient for fgf8 expression
through the activation of the S4.2 region at the MHB.Materials and methods
Animals
Adult zebrafish (Danio rerio) were maintained at 27 °C under a 14-h light/
10-h dark cycle. Embryos were raised at 28.5 °C and staged according to
Kimmel et al. (1995).
Preparation of the reporter constructs
The basic promoter region of fgf8 containing upstream DNA and the entire
5′-UTR (−288 to +546 bp) was amplified by polymerase chain reaction (PCR)
and ligated into the multicloning site (SacI/PstI) of pEGFP-1 (Clontech,
pSZE2). The S4.2 region (+14.4 to +15.7 kb, Fig. 1A) (Inoue et al., 2006) was
amplified by PCR and subcloned into the multicloning site in pSZE2 upstream
of the fgf8 promoter in a forward and reverse orientation (pS4.2-EGFP and
pS4.2R-EGFP, respectively).
To introduce deletions into pS4.2-EGFP, inverse PCR was conducted as
follows. The pS4.2-EGFP was amplified by PCR using oppositely oriented 5′-
phosphorylated primers that flanked the target sequences to be deleted (Fig. 4A,
Table 1). The products obtained were self-ligated so that the flanked regions
were deleted in the resultant constructs. In other cases, the 5′- and 3′-terminal
sequences in S4.2, flanking the target regions to be deleted, were amplified
separately and sequentially subcloned into pSZE2 at the distal SacI/XbaI and
proximal XbaI sites, respectively. The Pax2 consensus binding sequences (PBSI
and/or PBSII) within the S4.2 region were replaced with irrelevant sequences by
inverse PCR followed by self-ligation (Figs. 8A, B). Alternatively, in the case of
the PBSII site, the binding sequence was disrupted by base substitution with a
mutagenic primer using the Transformer™ Site-Directed Mutagenesis Kit
(Clontech, Fig. 8B).
Throughout the study, PCR for plasmid construction was conducted using
LATaq (Takara) for high fidelity, and the structures of the recombinant plasmids
were confirmed by sequencing.
Reporter assay by transient and stable expression
DNA sequences carrying possible regulatory genomic regions and egfp in
the GFP constructs were amplified by PCR using primers specific to the region
upstream of the MCS and downstream of the poly-adenylation site in S4.2-
EGFP (5′-AGTTATTACTAGCGCTACCGG-3′ and 5′-CGCCTTAAGATA-
CATTGATGAG-3′, respectively), and injected into one-cell-stage embryos
(10 pg/embryo). In our co-injection experiments, the genomic fragments for
which regulatory activities were to be evaluated were amplified by PCR using
appropriate primers (Fig. 4B, Table 1) and co-injected into fertilized eggs as
mixtures with the egfp gene under regulation of the fgf8 minimal promoter
(Zf8p-EGFP; 15 and 5 pg/embryo, respectively)(Inoue et al., 2006). Our pre-
liminary data confirmed that Zf8p-EGFP was largely unexpressed when injected
alone (data not shown).
In all experiments, the DNA used for injection was separated by agarose gel
electrophoresis and extracted using the QIAEX II Gel Extraction Kit
(QIAGEN). Tg fish lines were generated as described previously (Inoue et al.,
2006). Injected or Tg embryos were allowed to develop to the desired stages and
observed under a fluorescence stereomicroscope (MZ FLIII, Leica) equipped
with a GFP2 filter.
Overexpression of pax2a in zebrafish embryos
The coding region of pax2a was amplified by PCR from pax2a cDNA (a
gift from Dr. G.M. Kelly) (Kelly and Moon, 1995) and ligated into pCS2+ (pCS-
Pax2a). pax2amRNAwas synthesized with the MEGAscript SP6 Kit (Ambion)
according to the manufacturer’s protocol, and injected into one- to four-cell
stage embryos (100 pg/embryo). To drive pax2a ectopically in a broad brain
region, the S4.2Δ2c sequence together with the fgf8 promoter was excised from
pS4.2Δ2c-EGFP and ligated into pCS2-Pax2a, from which the CMV promoter
had been removed. The S4.2Δ2c-Pax2a region in the resultant plasmid, wherein
S4.2Δ2c regulates pax2a expression, was PCR-amplified and injected into one-
cell-stage embryos (10 pg/embryo) from S4.2-EGFP Tg fish (Inoue et al., 2006).
Fig. 1. Regulatory function of the S4.2 enhancer in zebrafish embryos. (A) Schematic view of the zebrafish fgf8 gene. The five exons constituting zebrafish fgf8 (exons
1a, 1b, 1d, 2, and 3) and seven highly conserved sequences in the vicinity of fgf8 are indicated by blue and red boxes, respectively (Inoue et al., 2006). The
transcriptional start site is marked with a bent arrow. The downstream gene, hagoromo (hag), is also called fbxw4. (B–D) Tg embryos showing stable expression of
S4.2-EGFP or S4.2R-EGFP at 26 hpf (B, C) and 48 hpf (D). (E, G–I) Endogenous mRNA expression of fgf8 at the bud (E), 8-somite (G), 20-somite stages (H), and
34 hpf (I). (F, J–L) mRNA expression of S4.2-EGFP as determined using WMISH. (M, M′, N) Confocal microscopic views of embryos at the 16-somite stage (M,
bright field; M′, epifluorescence), and a merged view at 24 hpf (N), showing GFP expression in the anteriormost hindbrain. (O, O′) Comparison of the mRNA
expression of S4.2-EGFP with that of wnt1 using two-color WMISH (O, bright field; O′, epifluorescence view of the same embryo); egfp expression (purple) occurs
caudal to the expression of wnt1 (red). (B–L, O, O′) Lateral views with anterior to the left and dorsal to the top (B–D, G–L, O, O′), or with anterior to the top and
dorsal to the right (E, F). (M, M′, N) Dorsal views with anterior to the top. Arrowheads mark the MHB. dos, distal optic stalk; dd, dorsal diencephalon; dt, dorsal
telencephalon; op, olfactory placode; os, optic stalk; ov, otic vesicle; r1/r2/r4, rhombomeres 1/2/4. Scale bars, 200 μm (B–L, J, O, O′) or 50 μm (M, M′, N).
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Digoxigenin (DIG)/fluorescein-labeled RNA probes were synthesized from
linearized templates using DIG/Fluorescein RNA Labeling Mix (Roche) and the
RNA transcription kit (Stratagene), according to the manufacturers’ protocols.
Single- and two-color WMISH were performed as described previously
(Schulte-Merker et al., 1992; Jowett, 2001), with minor modifications.Electrophoretic mobility shift assay (EMSA)
The cDNA sequences of pax2a and pax8 (isoform v2.1, cDNA kindly
donated by Dr. B.B. Riley) (Mackereth et al., 2005) were subcloned into pTnT
(Promega), and the two Pax proteins were synthesized from these plasmids in
vitro using the TnT Coupled Reticulocyte Lysate System (Promega). Double-
stranded oligonucleotides were labeled with DIG by Terminal Transferase
Table 1
Primers used for amplifying genomic DNA fragments
Region a Location b Orientation Sequence
S4.2 +14440 to +15748 Forward 5′-AACTGGCATTCACTTCATTT-3′
Reverse 5′-TGTGGCTAATCAAATGCTTCC-3′
#1* +14440 to +14829 Forward 5′-AACTGGCATTCACTTCATTT-3′
Reverse 5′-AATGCGACTACTTGGTGGCT-3′
#2* +14803 to +14948 Forward 5′-CAAAAGCAGCCACCAAGTAG-3′
Reverse 5′-AATTGACAGAGGACCCCATC-3′
#3* +14920 to +15100 Forward 5′-CTTACATGAGATGGGGTCCT-3′
Reverse 5′-CTCAGTTGCTTGTGGAATGC-3′
#4* +15081 to +15197 Forward 5′-GCATTCCACAAGCAACTGAG-3′
Reverse 5′-TCATTTCACAGTCCAGACCC-3′
#5* +15172 to +15287 Forward 5′-AATTCTGGGTCTGGACTGTG-3′
Reverse 5′-GTCCCAGTTTTATTGCGTAC-3′
#6* +15268 to +15415 Forward 5′-GTACGCAATAAAACTGGGAC-3′
Reverse 5′-TGTCATTATAAGAGTTATAAACCTC-3′
#7* +15391 to +15748 Forward 5′-GAGGTTTATAACTCTTATAATGACA-3′
Reverse 5′-TGTGGCTAATCAAATGCTTCC-3′
a Genomic regions examined in the promoter analysis. #1*–7* are regions amplified from S4.2 by PCR and examined by co-injection experiments (Fig. 4B). #1–7
regions are those deleted from the S4.2-EGFP construct by inverse PCR using appropriate combinations of primers shown above (Fig. 4A). The other subregions in
S4.2, shown in Fig. 4, were also deleted (Fig. 4A) or amplified (Fig. 4B) using appropriate combinations of primers shown here.
b The location of the sequences of primers relative to the transcriptional start site of fgf8.
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and their detection were conducted using the DIG Gel Shift Kit, 2nd Generation
(Roche).
Comparison of the genomic sequences among different vertebrate
species (PipMaker analysis)
The genomic sequence flanking zebrafish fgf8 was compared with
corresponding regions of fgf8 or fgf17a from different vertebrates by the
PipMaker analysis (http://pipmaker.bx.psu.edu/pipmaker/). The genomic
sequences of fgf8 used here were from −27.8 to +36.2 kb (group VI, contig
8793) for Gasterosteus aculeatus and from −90.3 to +108.7 kb (scaffold 238)
for Xenopus tropicalis, while those of fgf17a were from −30.5 to +34.7 kb
(Zv6) for zebrafish, from −29.7 to +34.3 kb (scaffold 62) for Takifugu rubripes,
and from −29.0 to +35.1 kb (group IX, contig 3196) for G. aculeatus. The
sequences for the zebrafish, Takifugu, chick, mouse, and human were specified
previously (Inoue et al., 2006).
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was conducted using the Chromatin Immunoprecipitation
Assay Kit (Upstate) according to the manufacturer’s protocol. One hundred
zebrafish embryos were fixed at the 16-somite stage in 1.85% paraformaldehyde
for 15 min at room temperature, and homogenized in SDS Lysis Buffer. After
sonication, 1 μg of rabbit anti-PAX2 (Invitrogen) or normal rabbit IgG (Dako)
was added, and the mixtures were incubated overnight at 4 °C. The DNA purified
from the immunoprecipitates was amplified by PCR, using appropriate primer
pairs (Table 2).Table 2
Primers used in the ChIP assay
Site Orientation Sequence
PBSI Forward 5′-CAAAAGCAGCCACCAAGTAG-3′
Reverse 5′-AATTGACAGAGGACCCCATC-3′
PBSII Forward 5′-GACAAGCTGAGTGATTGGAGGACAG-3′
Reverse 5′-GATTCATTTCACAGTCCAGACCCAG-3′
DCR2 Forward 5′-TGCCCATGCATTTCTAAGGC-3′
Reverse 5′-GGCTTTCCAGCTGAATTGTC-3′Results
Identification of the late MHB enhancer of fgf8
The fgf8 expression is driven in the anteriormost hindbrain
during somitogenesis by a 1.3-kb cis-regulatory region, de-
signated S4.2, which is located from +14.4 to +15.7 kb relative
to the transcriptional start site (Fig. 1A), as shown previously
(Inoue et al., 2006). To evaluate the regulatory activity of S4.2,
we established stable Tg lines harboring GFP constructs where-
in the S4.2 region was placed upstream of the reporter in either a
forward (S4.2-EGFP, one line) or reverse (S4.2R-EGFP, two
lines) orientation. In all of the Tg lines obtained, essentially the
same GFP expression pattern was observed (Figs. 1B–D and
not shown), as briefly reported previously (Inoue et al., 2006)
and detailed below. Weak GFP fluorescence appeared around
the 16-somite stage in the MHB region (data not shown),
became distinct by 24–26 h post-fertilization (hpf), and
persisted at least until 48 hpf in the MHB, optic stalk, olfactory
placode, and otic vesicle (Figs. 1B–D), which are among the
fgf8-expressing regions in zebrafish (Fürthauer et al., 1997;
Reifers et al., 1998; see below and Fig. 6E) and other vertebrate
embryos (Christen and Slack, 1997; Crossley and Martin, 1995;
Shamim et al., 1999). Confocal microscopy showed that GFP
expression was restricted to the anteriormost hindbrain (Figs.
1M, M′, N), as is known for fgf8 (Langenberg and Brand,
2005).
To precisely locate the reporter expression, egfp mRNA in
Tg embryos was detected by WMISH (Figs. 1F, J–L). In the
MHB region, egfp mRNA was first detected at the 10-somite
stage and persisted after somitogenesis. In the optic stalk,
olfactory placode, and otic vesicle, mRNA expression appeared
by the 20-somite stage and became intense by 34 hpf. Two-color
ISH showed that fgf8 expression occurs immediately caudal to
that of wnt1, which is expressed in the posteriormost portion of
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S4.2 activity to the anteriormost hindbrain (Figs. 1O, O′). These
mRNA expression pattern is highly similar to the endogenous
expression pattern of fgf8 (Figs. 1G–I; see also Figs. 6E, F)
(Fürthauer et al., 1997; Reifers et al., 1998; Inoue et al., 2006),
although there are several differences. It should be emphasized
that S4.2 never drove reporter expression in the anterior hind-
brain of late gastrulae, or in r1, r2, or r4, during early somito-
genesis (Figs. 1F, J), which is another feature of fgf8 expression
in zebrafish (Figs. 1E, G). In situ staining also revealed that
egfp expression in the optic stalk was confined to the distal
portion (Fig. 1L), in contrast to the fgf8 expression in the entire
optic stalk (see Figs. 6E, F). S4.2-EGFP expression is much
broader compared to the more restricted fgf8 expression in the
otic vesicle (Figs. 1I, L). Despite these differences, however, we
conclude that S4.2 is an enhancer that recapitulates fgf8
expression in the MHB, as well as in three sensory primordia,
‘after’ the mid-somitogenesis stage (i.e., the maintenance phase
of MHB development).
S4.2 contains a highly conserved sequence present in fgf8 and
its related genes in vertebrates
The S4.2 region contains a 306-bp region known as DCR3
that was also found downstream of fgf8 in mammals and chicks
(Figs. 1A, 2, 3) (Inoue et al., 2006). Since our last report (Inoue
et al., 2006), some of the genomic sequences have been updated
and genomic sequences of more vertebrate species are now
available, prompting us to extend our comparative analysis
using the PipMaker analysis on genomic sequences. We again
confirmed that DCR3 was absent in the vicinity of fgf8 of other
teleosts, whereas, in contrast to our previous analysis, it has
been identified downstream to Xenopus. Interestingly, we
newly identified DCR3 sequences downstream of fgf17a,
which encodes a teleost-specific Fgf8 subfamily growth factor
(Figs. 2A, B and 3). It should be noted that, although previously
annotated as a paralogue of fgf17 in zebrafish, base on apparent
synteny (Reifers et al., 2000), fgf17a shows higher structural
similarity to fgf8 than to fgf17 of other vertebrates and zebrafish
fgf17b (Fig. 2B). Furthermore, a detailed analysis of the se-
quences flanking zebrafish fgf8/fgf17a and mouse Fgf8 revealed
several common linked genes that are located within 0.11 Mb
from fgf8 and/or fgf17a of zebrafish (Fig. 2C), in contrast to
the genes previously reported to be linked to both fgf17a and
mouse Fgf17, which are actually more than 2.1 Mb apart from
zebrafish fgf17b (data not shown). This supports our assump-
tion that zebrafish fgf17a is actually a close paralogue of fgf8,
not of fgf17 (fgf17b). Recently, this possibility was also raised
from the analysis of the zebrafish genome (Kikuta et al.,
2007).
We identified a 204-bp sequence downstream of DCR3 in
zebrafish fgf8 with similarity to equivalent sequences in fgf17a
from teleosts; we designated this sequence DCR3b. DCR3 and
DCR3b cannot be identified in the vicinity of other Fgf8 sub-
family genes, fgf17 (fgf17b) and fgf18, from all the vertebrates
examined, including tetrapods and teleosts. A close view of the
sequences of DCR3 and DCR3b revealed two sites with se-quences that resemble the consensus binding sequence for Pax2
(Figs. 3 and 7B). One site (PBSI) is located in DCR3 and is thus
more or less conserved in all of the fgf8/17a genes, whereas the
other site (PBSII) is present in the DCR3b region of zebrafish
fgf8 and all teleost fgf17a genes.
Functional dissection of the S4.2 enhancer
To identify the cis-regions required for the late MHB en-
hancer activity of S4.2, we introduced different deletions into
the S4.2 portion of S4.2-EGFP (Fig. 4A) and examined the
transient expression of the constructs in the MHB region at 24–
28 hpf in injected embryos, as well as the stable expression in
Tg lines. The constructs lacking subregions #1, #5–6, and #7
were expressed at the MHB just as the original S4.2-EGFP in
injected (Fig. 4A) and Tg embryos (Figs. 5B, F). The expression
of these constructs was also observed in the three sensory pri-
mordia of the Tg embryos. In contrast, the deletion of the entire
#2–4 region, which is 342 bp in length, or its subregions abro-
gated or modified the expression of S4.2-EGFP (Fig. 4A and
described below). When co-injected with Zf8p-EGFP, the #2–
4* region (395 bp), which contained #2–4 plus an additional
sequence on each side, drove GFP expression specifically in the
MHB region similar to S4.2, but #1*, #5–6*, and #7* could not
(Fig. 4B). Taken together, these data indicate that #2–4/#2–4*
is a core region that is necessary and sufficient for the MHB
enhancer activity of S4.2. Importantly, when examined sepa-
rately by co-injection (Fig. 4B), #2*, #3*, and #4* did not
exhibit regulatory activity, indicating that structural integrity is
required for the function of the core region.
When #3, #4, or #4–5 was deleted (S4.2Δ3, S4.2Δ4, or
S4.2Δ45, respectively), the expression of S4.2-EGFP in the
MHB was significantly reduced in both injected and Tg em-
bryos (Figs. 4A and 5E), indicating that #3 and #4 are essential
for the enhancer activity of S4.2. Interestingly, when #2 was
deleted (S4.2Δ2), GFP expression expanded both anteriorly and
posteriorly, leading to broad ectopic expression in the midbrain
and hindbrain (Figs. 4A and 5C). Further deletion of either #3 or
#4 had little effect (S4.2Δ23, S4.2Δ24; Figs. 4A and 5D and
not shown), showing that #3 and #4 function to drive broad
expression in the absence of #2, though in a redundant
manner. Thus, we assume that the S4.2 enhancer is composed
of an activator region(s) that drives broad expression in the
brain and a repressive region(s) that suppresses ectopic expres-
sion in the midbrain and hindbrain, except in the anteriormost
hindbrain.
We further examined the effects of small deletions in the #2
subregion of S4.2-EGFP and found that S4.2Δ2c and S4.2Δ2bc
also caused broad ectopic expression (Figs. 4A and 5G and data
not shown). WMISH showed that S4.2Δ2c-EGFP transcription
is initiated by the 10-somite stage, similar to the original S4.2-
EGFP, although it was detected throughout the entire midbrain
and anterior hindbrain (Figs. 5H, H′). At the 20-somite stage,
egfp expression persisted in the midbrain, whereas it was
downregulated in r2 and r4, leading to segmental expression in
r1, r3, and r5 in the hindbrain. Expression was also observed in
the optic stalk and otic vesicle (Figs. 5I, I′); however, by 34 hpf,
Fig. 2. Conservation of the DCR3 sequence among the Fgf8 subfamily of growth factor genes. (A) Location of the DCR3 sequences that are seen in the
downstream of vertebrate fgf8 and its relative genes, teleost fgf17a. The exon sequences are shown with blue (fgf8) or green (fgf17a) boxes, and the DCR3
sequences are shown with red boxes. Additional conserved sequences associated with DCR3 are shown with yellow boxes (DCR3-5′ and DCR3-3′) and light blue
boxes (DCR3b). (B) Molecular phylogenetic tree of the Fgf8 subfamily growth factors based on the NJ method. Growth factor genes that are associated with
DCR3 sequences are marked with asterisks. (C) Synteny relationship between zebrafish fgf8, fgf17a, and mouse Fgf8. Genes identified in the vicinity of mouse
Fgf8 are also seen near zebrafish fgf8 and/or fgf17a. The dotted portion in mouse Fgf8 represents 0.8 Mb. Scale bar, 0.02 Mb for the zebrafish and 0.06 Mb for the
mouse.
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otic vesicles as the only expressing region (Figs. 5J, J′). To-
gether, these data demonstrate that the 28 bp, which are missing
commonly in S4.2Δ2, S4.2Δ2bc, and S4.2Δ2c, are responsible
for the repressive activity of the #2 region (Fig. 5A). Expanded
transgene expression was also observed in our co-injectionexperiments, in which the #2–4* region lacking #2c (#2–
4*Δ2c) directed broad expression in the midbrain and hindbrain
(Fig. 4B). This is in contrast with the finding that the removal of
the #2 region abrogated the activity of #2–4* (#3–4* in Fig. 4B),
suggesting that additional activator regions reside in the 5′-
terminal region of #2* (#2a and/or #2b).
Fig. 3. Conservation of the DCR3 sequence among vertebrates. DCR3 sequences were obtained from zebrafish fgf8 (Drfgf8), human FGF8 (Hsfgf8), mouse Fgf8
(Mmfgf8), chick Fgf8 (Ggfgf8), Xenopus Fgf8 (Xenopus tropicalis, Xtfgf8), puffer fish fgf17a (Takifugu rubripes, Frfgf17a), medaka fgf17a (Olfgf17a), and
zebrafish fgf17a (Drfgf17a). Nucleotides shared by the zebrafish DCR3 are indicated by dots. Light blue and light green shading indicate the conserved nucleotides
among the other fgf8 and teleost fgf17a, respectively. Red boxes indicate the Pax2 binding consensus sequences (PBSI and PBSII). DCR3 and DCR3b are indicated by
red lines and light-blue lines, respectively. Thick orange lines show the 28-bp repressive sequence; bent arrows indicate the ends of the subfragments (#1* to #4*).
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enhancer
In zebrafish late gastrulae, fgf8 expression is initiated inde-
pendently around the MHB, but this expression becomes de-
pendent on pax2a and fgf8 itself after the mid-somite stage
(Reifers et al., 1998). Since S4.2 is the late MHB enhancer of
fgf8, we sought to address whether the expression of S4.2-EGFP at the MHB is similarly regulated by the MHB-forming
genes. First, S4.2-EGFP was introduced into a genetic back-
ground lacking functional pax2a (no isthmus, noi) (Lun and
Brand, 1998) by mating S4.2-EGFP Tg fish with noi mutant
fish. In the noi homozygous embryos, GFP fluorescence was
absent at the MHB and optic stalk, with the expression in ol-
factory placodes and otic vesicles unaffected (Fig. 6A), re-
vealing that Pax2a is necessary for the S4.2 activity at the MHB
Fig. 4. Identification of the regulatory sequences in the S4.2 region using reporter assays. (A) The diagram on the left shows the deleted forms of S4.2-EGFP used to
functionally dissect the S4.2 region. Stippled rectangles and gray ovals indicate the DCR3/DCR3b region and Pax2 binding sequences (PBSI and PBSII),
respectively. Embryos specifically expressing GFP at the MHB or broadly in the brain, including the entire midbrain and anterior hindbrain (M–H), were scored, and
their percentages relative to GFP-positive embryos (n) are shown on the right. The constructs for which expression was confirmed by stable expression in Tg embryos
are marked with (+). (B) DNA subfragments from the S4.2 region that were co-injected with Zf8p-EGFP into fertilized eggs. The injected embryos were examined for
GFP fluorescence at 24 hpf. The percentages of the embryos expressing GFP at the MHB or broadly in the midbrain and hindbrain (M–H) relative to injected
embryos (n) are shown on the right.
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MHB in embryos lacking fgf8 (acerebellar, ace; Fig. 6B)
(Reifers et al., 1998), while it was retained in the three sensory
primordia. fgf8 expression is also known to be lost after the
mid-somite stage in MHB of noi and ace embryos (Reifers
et al., 1998), and otic vesicles reportedly express fgf8 in ace
embryos (Léger and Brand, 2002). Since there has been no
further description about the fgf8 expression in the head regions
in these two mutations, we re-evaluated fgf8 expression in ace
and noi embryos. In ace embryos, fgf8 expression was observednormally in the three sensory regions and disrupted only in the
MHB (Figs. 6D–G). In noi embryos, fgf8 was expressed in the
olfactory placode and otic vesicle, while the expression was
disrupted in the MHB and distal portion of the optic stalk (Figs.
6C, E). Interestingly, fgf8 expression was unaffected in the
proximal portion of the optic stalk. Thus, expression patterns of
fgf8 and S4.2-EGFP were affected in mutant embryos in an
indistinguishable manner in the head. Especially, the S4.2
activity in the MHB depends on the function of pax2a and fgf8,
as does the expression of fgf8.
Fig. 5. The S4.2 enhancer is composed of activating and repressive elements. (A) Sequences of the #2/#2* region and derived fragments that were examined for the
regulatory activity. PBSI and the 28-bp repressive region are indicated by red letters. (B–G) Stable (B, D–G) or transient (C) GFP expression of the deleted versions of
S4.2-EGFP. (H–J, H′–J′) mRNA expression of S4.2Δ2c-EGFP was visualized using WMISH. Arrowheads indicate GFP expression in the MHB. Lateral (B–J) and
dorsal (H′–J′) views are shown. d, diencephalon; dos, distal optic stalk; h, hindbrain; m, midbrain; op, olfactory placode; os, optic stalk; ov, otic vesicle, r1/3/5,
rhombomere 1/3/5. Scale bars, 200 μm.
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brain by examining S4.2-EGFP expression in Tg embryos
injected with pax2a mRNA, finding that pax2a led to ectopic
expression of S4.2-EGFP in the forebrain and/or midbrain.
Similar ectopic induction was also observed for the endogenous
fgf8 (Figs. 6H, I). However, since injection of pax2a mRNA
tended to cause morphological anomalies in the anterior brain,
probably due to an early effect of pax2a overexpression, we
next introduced pax2a under the regulation of S4.2Δ2c
(S4.2Δ2c-pax2a), which was shown above to activate broad
transcription in the brain from the mid-somite stage (10-somite
stage, 14 hpf), into Tg embryos harboring S4.2-EGFP. Two-
color WMISH showed that, by the 16-somite stage (17 hpf),
pax2a mRNA was misexpressed broadly in the mid- and
hindbrain, as was expected (Fig. 6J, red), and that S4.2-EGFP
was ectopically induced in the hindbrain where pax2a was
misexpressed (Fig. 6J′, blue), while little ectopic expression
was observed in the midbrain. Thus, Pax2a is sufficient for the
activation of the S4.2 enhancer at least in the hindbrain. Becausethe ectopic expression of S4.2-EGFP was detected a few hours
after the expected activation of pax2a by S4.2Δ2c, it is likely
that the effect of pax2a on the transgene was direct. Inter-
estingly, the overexpression of pax2a by mRNA injection
induced ectopic expression of S4.2-EGFP in the midbrain, but
that by the S4.2Δ2c construct did not. The failure of the
midbrain to respond to S4.2Δ2c-pax2a could be related to the
repressive mechanism of fgf8, and will be discussed later.
Binding of Pax2a to the S4.2 enhancer
We have shown here that Pax2a is necessary and sufficient
for the activation of the S4.2 enhancer in the MHB region. Since
there are at least two candidate sequences in the core of the
enhancer that could be associated with Pax2/5/8 (PBSI and
PBSII) (Czerny et al., 1993; Epstein et al., 1994), we invest-
igated whether zebrafish Pax2a binds directly to these sites
using EMSA. First, we compared the competing activities of
five subfragments from the S4.2 region (#2* to #6*; Figs. 4B
Fig. 6. Pax2a is necessary and sufficient for the enhancer activity of S4.2. (A)
S4.2-EGFP expression was not detected in the MHB and distal optic stalk,
whereas it is retained in the olfactory placode and otic vesicle in noi embryos.
(B) S4.2-EGFP expression was lost only in the MHB, leaving GFP expression in
the sensory regions intact in ace embryos. (C–G) fgf8 expression in the heads of
noi embryos (C), ace embryos (D, G), and wild-type (WT) embryos (E, F) was
examined by WMISH at 26 hpf. The insets in panels C–E show fgf8 expression
in the otic vesicles. Black and white arrows show the presence and absence,
respectively, of reporter expression in the distal optic stalks. (H, I)
Misexpression of pax2a by mRNA injection caused ectopic induction of
endogenous fgf8 in wild-type embryos (H) and egfp in S4.2-EGFP Tg embryos
(I), as are marked with white arrowheads. (J, J′) S4.2-EGFP Tg embryos were
injected with S4.2Δ2c-pax2a DNA and subjected to two-color in situ analysis at
the 16-somite stage; first for pax2a (J, J′) and additionally for egfp (J′). Targeted
misexpression of pax2a led to ectopic induction of egfp (purple) within the
pax2a-positive domain (red, small white arrowheads) in the hindbrain. Black
arrowheads indicate the MHB. Lateral views (A–E, H, I), frontal views (F,
G), or dorsal views (J, J′) are shown. dd, dorsal diencephalon; dos, dorsal optic
stalk; op, olfactory placode; os, optic stalk; ov, otic vesicle; pos, proximal optic
stalk; t, telencephalon. Scale bars, 200 μm (A–I) or 100 μm (J, J′).
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was shown previously to effectively bind Pax2/Pax2a (BS-I)
(Islam et al., 2006; Song et al., 1996). Our results indicate that
the #2* and #4* regions alone significantly competed against
the binding reaction (Fig. 7C). Extended competition assays
narrowed down the competing activities to #2a and #4a/PII,
which include PBSI and PBSII, respectively. We confirmed that
PBSI and PBSII were recognized by Pax2a as well as by Pax8,
which is a related Pax protein that is also expressed at the MHB
at slightly later stages and contributes to isthmic development(PI and PII; Fig. 7D) (Mackereth et al., 2005; Rhinn and Brand,
2001). The formation of these complexes was efficiently
competed by excess amounts of the cognate DNA, but their
competition activities were abrogated by base substitutions in
the core Pax2 binding sequences (PIm and PIIm; Figs. 7B, E).
We next performed a ChIP assay using anti-Pax2 antibody
and sonicated chromatin from 16-somite embryos. Both of the
two binding sites were amplified from the immunoprecipitates,
demonstrating that they were actually occupied by Pax2a (or
related proteins) in nuclei (Fig. 7F). This is in contrast to the
result for another region located near fgf8 (DCR2) that does not
contain Pax2 binding sites or drive expression at the MHB
(Inoue et al., 2006).
The Pax2 binding sites are essential for the activity of the S4.2
enhancer
To address whether Pax2a and its related proteins such as
Pax5 and Pax8 regulate fgf8 in embryos by binding to the
enhancer core, either or both of the two Pax2 binding sites in
S4.2-EGFP were disrupted (Figs. 8A, B), and the expression of
these mutated constructs was examined in embryos. Although
the disruption of PBSI produced little change compared to the
original construct in injected embryos (Fig. 8A), the same
construct showed reduced expression in Tg embryos at the
MHB compared to those in the sensory regions (Figs. 8C, D).
The disruption of PBSII (S4.2ΔPBSII and S4.2ΔPBSII*)
reduced both transient (Fig. 8A) and stable (data not shown)
expression at the MHB. When both binding sites were disrupted
(S4.2ΔPBS), GFP and egfp expression at the MHB was
significantly reduced by the 20-somite stage and disappeared by
34 hpf (Figs. 8A, E–H, G′, H′). Expression of S4.2ΔPBS-
EGFP was disrupted also in the optic stalk, as was observed for
the S4.2-EGFP expression in noi embryos.
Discussion
S4.2 is a late MHB enhancer of zebrafish fgf8
The product of the fgf8 gene is secreted from a number of
embryonic regions throughout vertebrate development, con-
tributing to patterning of the embryonic body and organogen-
esis. We identified an MHB enhancer, S4.2, downstream of
zebrafish fgf8, which also directs fgf8 expression in the otic
vesicles, optic stalks, and olfactory placodes. Since early fgf8
expression in the anterior hindbrain of zebrafish gastrulae is not
recapitulated, S4.2 is probably a late MHB enhancer, suggesting
that there is a separate early enhancer(s) that drives fgf8 ex-
pression in the anterior hindbrain in late gastrulae, despite our
failure to identify one in a previous search (Inoue et al., 2006).
We further predict that this early enhancer is absent in amniotes,
considering the lack of early fgf8 expression in the hindbrain of
these animals.
Indeed, fgf8 expression in amniotes seems rather simple
compared to that in zebrafish; it is expressed in the anteriormost
hindbrain only after the onset of somitogenesis (Crossley and
Martin, 1995; Shamim et al., 1999). This expression is similar
Fig. 7. Binding of Pax2a to the S4.2 enhancer in vitro and in vivo. (A) Subfragments of the S4.2 region examined using EMSA in panels C–E. See Fig. 5A for
sequences #2a, #2b*, and #2c*. (B) Alignment of the sequences of the oligos for PBSI (PI), PBSII (PII), and BS-I (Song et al., 1996) with the consensus sequences for
Pax2 (Epstein et al., 1994) and Pax5 (Czerny et al., 1993). Conserved nucleotides are underlined. Base substitutions in the mutated forms of PI and PII (PIm and PIIm)
are indicated in lowercase. (C) Binding of Pax2a with the reference probe, BS-I, was challenged using a 100-fold molar excess of the respective subfragments as
competitors. (D) Direct binding of PBSI and PBSII to Pax2a and Pax8 using DIG-labeled PI and PII probes. (E) Binding of Pax2a to DIG-labeled PI and PII was
competed efficiently by a 100-fold molar excess of the corresponding DNA, but their competing activity was abrogated by base substitutions within the core binding
sequences (PIm and PIIm). (F) The regions covering PBSI and PBSII were amplified separately from immunoprecipitates obtained by treating the sonicated chromatin
of 16-somite-stage embryos with anti-Pax2 (ChIP assay); no amplification occurred when the chromatin was incubated with or without IgG.
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the expression of zebrafish fgf8 after the mid-somite stages,
both temporally and spatially. Moreover, the expression of Fgf8
in mouse embryos, S4.2-EGFP in fish embryos, and the later
expression of zebrafish fgf8 all require Pax2/pax2a (and pax5),
in contrast to early fgf8 expression in zebrafish embryos in the
anterior hindbrain (Rhinn and Brand, 2001; Schwarz et al.,
1999). Furthermore, we have shown that the core sequence of
the S4.2 enhancer is conserved among tetrapod fgf8 genes, as
well as among fgf17a of other teleosts (DCR3). Interestingly,zebrafish fgf17a is expressed in the anteriormost hindbrain only
after the end of epiboly, like the amniote fgf8 (Reifers et al.,
2000). Recently, Beermann et al. showed that a mouse genomic
DNA of 754 bp containing the “CR3” region, which seems to
correspond to DCR3, activates gene expression in several
embryonic regions, including the isthmus of mouse embryos
(Beermann et al., 2006). In addition, we found that the mouse
DCR3 sequence also drives transcription in the MHB of zebra-
fish embryos (Inoue and Yamasu, unpublished). Taken together,
these data suggest that the later phase of fgf8 expression in
Fig. 8. Essential role of the two Pax2 binding sites in the regulatory function of the S4.2 enhancer. (A) Disruption of the Pax2 binding sites (PBSI and PBSII) in S4.2-
EGFP. The percentages of injected embryos expressing GFP in the optic stalk (OS), MHB, and the otic vesicle (OV) at 24–26 hpf relative to the numbers of GFP-
positive embryos (n) are shown on the right. The constructs for which expression was confirmed by stable expression in Tg embryos are marked with (+). (B)
Mutations introduced into the two Pax2-biniding sites of S4.2-EGFP. Deletions and base substitutions are indicated by hyphens and lowercase letters, respectively. In
case of ΔPBSI and ΔPBSII, an EcoRI and a KpnI sequence were introduced into the Pax2-binding core sites by inverse PCR, respectively, resulting in base deletion
and substitution. Meanwhile, the Pax2 site was disrupted by site-directed mutagenesis for ΔPBSII*. (C–F) Stable GFP expression in Tg embryos harboring the intact
(C) or mutated S4.2-EGFP constructs (D–F) was observed at 26 hpf (C–E) and 48 hpf (F). (G, H, G′, H′) Expression of egfp mRNA in the head of an S4.2ΔPBS-
EGFP Tg embryo. Expression of S4.2ΔPBS-EGFP in the MHB was weak relative to that in the sensory regions at 19 hpf (20-somite stage)–26 hpf (E, G, G′), and it
was disrupted later (F, H, H′). Lateral (C–H) and dorsal (G′, H′) views are shown with anterior to the left. Arrowheads indicate the MHB. dos, distal optic stalk; op,
olfactory placode; ov, otic vesicle. Scale bars, 200 μm.
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and that the S4.2 enhancer plays a highly conserved role in
vertebrate brain formation by regulating fgf8 in the MHB region
during somitogenesis. It is likely that the early fgf8 expression
observed in zebrafish was acquired during teleost development.
It is unclear whether the regulation of brain development by
early fgf8 expression is unique to teleosts, or different
regulatory factors assume the same role in amniote embryos.The complex structure of the S4.2 enhancer allows for
regulation of fgf8 in the MHB
Here, we focused on the function of S4.2 in the MHB region.
The effects of the deletions introduced into S4.2 demonstrate
that the core of the S4.2 enhancer is a 342-bp region (#2–4)
composed of different functional units. Indeed, a 395-bp region
containing #2–4 (#2–4*) recapitulated the MHB-enhancer
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involved in transcriptional activation in the brain, including the
entire midbrain and anterior hindbrain, whereas #2 represses
ectopic expression in the midbrain and hindbrain except for the
anterior portion of r1. Interestingly, our co-injection results
showed that none of the subregions of #2–4* could activate
transcription on its own, suggesting a requirement for the
integrity of the core region. It is possible that essential cis-
elements are located at the boundaries among the three
subregions. Alternatively, there might be functional interde-
pendence among the different functional units in the core
region. At any rate, we conclude that a combination of multiple
cis-elements, functioning as activators and/or repressors,
contributes to the restriction of fgf8 expression and its isthmic
organizer activity within the MHB region.
Such complex regulatory mechanisms are known for other
MHB-forming genes such as mouse En2 and zebrafish pax2a in
which broad activation and spatially restricted repression are
implicated in their specific expression at the MHB. Indeed, in
both cases, deletion of particular portions in the enhancers led to
ectopic expression of the transgene in embryos (Picker et al.,
2002; Song et al., 1996). Thus, the regulation of gene expres-
sion at the MHB by a combination of cis-regions with activating
and repressive functions may be a general mechanism. In add-
ition, our prediction of putative early fgf8 enhancer(s) driving
expression in the anterior hindbrain of late gastrulae is com-
patible with the reports showing that MHB expression of mouse
En2 and Pax2 is directed by different enhancers at the early and
late stages (Pfeffer et al., 2002; Song and Joyner, 2000).
Pax2a is a key regulator of fgf8 expression in the MHB during
somitogenesis
In a series of in ovo electrophoresis experiments, pax2 was
shown to be the main activator of fgf8 in the MHB of chick
embryos (Ye et al., 2001). Consistent with this, we have shown
here that fgf8 is upregulated by ectopic pax2a in the hindbrain
of zebrafish embryos. Furthermore, fgf8 expression was absent
in mouse embryos lacking Pax2 or Pax2/Pax5 (Schwarz et al.,
1999; Ye et al., 2001). In zebrafish, embryonic fgf8 expression
depends on pax2a during the maintenance phase of MHB
development. Despite these data, however, it was unknown
whether pax2 directly regulates fgf8 at the transcriptional level
in any species.
We found that PBSI and PBSII, the two Pax2-consensus
sequences in S4.2, were specifically bound by Pax2a in vitro,
and the ChIP experiments indicated that these two sites are
occupied by Pax2a or related proteins in embryonic cells. Re-
porter assays further confirmed that these two sites are indis-
pensable for the enhancer activity of S4.2 in MHB. In line with
this result, S4.2 requires functional pax2a, as shown by the lack
of S4.2-EGFP expression at the MHB in noi embryos. There-
fore, we conclude that Pax2a directly regulates zebrafish fgf8
via binding to the S4.2 enhancer. The sequences of PBSI and
PBSII were also recognized by Pax8, suggesting the involve-
ment of other pax2-related genes such as pax5 and pax8, which
are expressed at the MHB at later stages (Pfeffer et al., 1998), inthe S4.2 activity. The lack of S4.2-EGFP expression at the MHB
of ace embryos can be at least partly explained by the depen-
dence of S4.2 on pax2a because the expression of this gene
disappears from the MHB of ace embryos after the mid-somite
stage (Reifers et al., 1998).
Supporting the importance of PBSI and PBSII in the function
of S4.2 at the MHB, both these sequences are conserved in the
DCR3/DCR3b region of teleost fgf17a. This suggests that
fgf17a expression is regulated by a mechanism similar to that of
zebrafish fgf8. In fact, zebrafish fgf17a is expressed in the MHB
after the mid-somite stage and in the optic stalks after the late-
somite stages (Reifers et al., 2000), as is the reporter gene in
S4.2-EGFP Tg embryos. A PBSI-like sequence is also present
in the DCR3 region of the tetrapod fgf8 gene. Since PBSII
resides in DCR3b, which is not present in tetrapod fgf8, it is
uncertain whether the tetrapod MHB enhancers also possess a
second Pax2 binding site. Considering the significant synergism
observed in zebrafish between PBSI and PBSII, however, we
favor the view that there are multiple Pax2 binding sites in the
MHB enhancer of tetrapod fgf8, which escaped our survey of
Pax2 consensus sequences. In fact, it is also possible that there
are additional Pax2 binding sites in the zebrafish S4.2, since
even S4.2 lacking both PBSI and II still retained a weak MHB-
enhancer activity.
Thus far, analyses of transcriptional regulation have shown
that several MHB-specific genes are direct targets of Pax2/5/8.
Indeed, En2 expression at the MHB of mice is regulated by the
two Pax2/5/8 binding sites within a 1.0-kb enhancer (Song
et al., 1996). Mouse Pax2 and Pax5 were shown to be under
cross-regulatory control by the Pax2/5/8 proteins (Pfeffer et al.,
2000; Pfeffer et al., 2002). Recently, we showed that another
MHB-specific gene, gbx2, whose expression in the anteriormost
hindbrain is similar to that of fgf8 (Kikuta et al., 2003), is also
directly regulated by Pax2a during somitogenesis (Islam et al.,
2006). Our present study further showed that the gene of the
main MHB signal, fgf8, is also the direct target of pax2,
supporting the previous genetic studies. Furthermore, to the best
of our knowledge, fgf8 is the first case in which the binding of
Pax2 to the enhancer in embryonic nuclei was confirmed. Thus,
pax2 plays a key role in MHB development by directly
restricting the time and place of expression of a number of
regulatory genes, including fgf8.
Mechanism of the restriction of fgf8 expression in the
anteriormost hindbrain by the S4.2 enhancer
Transcriptional regulation by the S4.2 enhancer stems from a
combination of broad activation in the mid/hindbrain and
repression in the entire midbrain and from posterior r1 to r5.
Broad activation of the S4.2 enhancer in the absence of #2 is
dependent on PBSII (Inoue and Yamasu, unpublished), sug-
gesting that the Pax2 binding site is responsible for the mis-
expression. However, in the brain at this stage, pax2a, pax5,
and pax8 are expressed only in the vicinity of the MHB (Krauss
et al., 1991; Pfeffer et al., 1998). In this regard, it should be
noted that pax3 and pax7 are expressed in the midbrain and
anterior rhombomeres of the hindbrain during somitogenesis
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can bind to the PBSI/II sites (Inoue and Yamasu, unpublished
data).
Meanwhile, the activities of the regulators driving this broad
expression should be canceled by an unknown repressive
mechanism through the #2c region in the midbrain and anterior
hindbrain except for anterior r1, although there are no clear
consensus sequences within this 28-bp sequence. In fact, there
are several candidate repressors of fgf8 in the midbrain. otx2 is
thought to repress fgf8 in a cell-autonomous manner (Ye et al.,
2001) by interacting with a Groucho/Tle co-repressor protein,
Grg4 (Heimbucher et al., 2007), although #2c does not include
typical Otx2 binding sequences and we detected no binding of
Otx2 in this region (Inoue and Yamasu, unpublished). Lmx1b is
another possible repressor that deserves attention, because it is
expressed around the MHB and represses fgf8 in a cell-
autonomous manner (Adams et al., 2000; Matsunaga et al.,
2002; O’Hara et al., 2005). It should also be kept in mind that
the activity of S4.2Δ2c is downregulated by 34 hpf, even in the
MHB region, when S4.2 still drives transcription in MHB,
implying that #2c has dual functions in fgf8 expression:
spatially regulated repression during somitogenesis and main-
tenance at later stages. At any rate, the mechanism of spatial
repression by #2c could be novel and is currently being
investigated.
It is worth noting that the repression of fgf8 in the midbrain
can be at least partly explained by the inhibition of Pax2 by
Grg4, which is expressed in the midbrain and hindbrain, except
for the anteriormost hindbrain (Ye et al., 2001). In fact, Pax5 is
converted from a transcriptional activator to a repressor by
recruiting Grg4 (Eberhard et al., 2000), and Grg4 represses
Fgf8 in chick embryos in the midbrain (Sugiyama et al.,
2000). Consistent with this, the misexpression of pax2a by
plasmid injection elicited ectopic activation of S4.2-EGFP in
the hindbrain, but not in the midbrain. Meanwhile, injection of
pax2amRNA induced fgf8 and S4.2-EGFP in both the midbrain
and hindbrain, which could be because the level of mis-
expressed pax2a surpassed the amount of the Groucho proteins
in the zebrafish midbrain. Thus, the exclusion of fgf8 expression
from the midbrain and hindbrain (posterior r1 to r5) is con-
ducted by several, possibly independent, mechanisms, some of
which are mediated by the 28-bp sequence of the #2c element.
Since Groucho proteins are known as corepressors suppressing
transcription by interaction with histone deacetylase HDAC1
and causing remodeling of the chromatin structure (Chen and
Courey, 2000), epigenetic control should also be taken into
consideration.
Additional regulatory functions of the S4.2 enhancer during
somitogenesis
Besides in the MHB, the S4.2 enhancer recapitulates the
endogenous expression of fgf8 during somitogenesis in three
sensory organs in the head; the distal portion of the optic stalk,
the olfactory placode, and the otic vesicle. The S4.2-driven ex-
pression in these organs was not affected in mutant embryos for
fgf8(ace), in line with our observation of fgf8 expression inthese regions of ace embryos, showing that there is no auto-
regulatory loop in terms of the regulation of fgf8 (and S4.2) in
the three sensory organs. The S4.2 activity was also shown,
using noi mutants, to be independent of pax2a in olfactory
placodes and otic vesicles, as is the fgf8 expression. In the distal
optic stalk, however, the S4.2 function requires pax2a, which is
consistent with our observation that fgf8 expression was lost
only in the distal portion of the optic stalk in noi embryos, and
that the S4.2 enhancer activity in the optic stalk was disrupted
when the two Pax2 binding sites were absent. These also predict
the presence of an additional regulatory region driving fgf8
expression in the proximal optic stalk.
Therefore, although the enhancer activities for the three sen-
sory organs reside within S4.2, as does the late MHB enhancer,
the molecular mechanisms will not be the same, and the cis-
elements for the respective sensory regions remain to be defined
in the future.
Regulation of the fgf8 subfamily genes in the MHB
We conclude, from the structural similarity and syntenic
relationship, that teleost fgf17a should be regarded as the closest
paralogue of fgf8, not of fgf17 (fgf17b), which is supported by
our present finding with regard to the DCR3 distribution among
fgf8 subfamily genes from different vertebrates. Since there are
multiple splicing isoforms for Fgf8 in vertebrates, including
zebrafish, two of which are called Fgf8a and Fgf8b (Crossley
and Martin, 1995; MacArthur et al., 1995; Gemel et al., 1996;
Inoue et al., 2006), we refer to fgf8 and fgf17a below as fgf8.1
and fgf8.2, respectively, following the Zebrafish Nomenclature
Guidelines that admits employing the mammalian nomenclature
when there is confliction (http://zfin.org/zf_info/nomen.html).
Mouse fgf17, as well as mouse Fgf18 and zebrafish fgf18l,
which are all fgf8 subfamily members, are known to be
expressed in the MHB (Maruoka et al., 1998; Thisse et al., 2005,
Zebrafish Information Network, http://zfin.org/), although we
failed to detect sequences significantly similar to DCR3 near
these genes. We cannot exclude the possibility that DCR3
appeared only in the group of fgf8.1/fgf8 and fgf8.2/fgf17a,
although, based on the similar expression in the MHB, we favor
a view that DCR3, which was present in the ancestral fgf8,
accumulated base changes during evolution of fgf17 (fgf17b)
and fgf18 (fgf18l), thereby making it difficult to identify DCR3
sequences. Indeed, the expression of fgf17 and fgf18 is initiated
later at reduced levels as compared with fgf8 (Maruoka et al.,
1998; Reifers et al., 2000). The apparent lack of DCR3 in the
vicinity of other teleost fgf8.1/fgf8 is also puzzling, and it could
be due to dislocation of DCR3 for fgf8.1 of some teleost species
or attributed to possible incompleteness that still persists in the
now available genomic sequences.
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